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Abstract 
Multi-variant production has to cope with various challenges caused by external factors such as a customer and competition driven increase in 
variants, the corresponding growth of internal complexity as well as the rising demand for more resource efficiency. In order to being able to 
optimize their manufacturing systems continuously and target-oriented, companies need to improve the transparency about ecological and 
economic inefficiencies. This paper presents a simulation-based framework for improving the ecological and economic transparency in 
manufacturing systems. Within the presented framework energy consumption and costs are allocated according to their actual cause. This 
enables a user to identify influencing variables, which cause variety-induced non-value adding energy consumption as well as costs in 
manufacturing systems. Based on this knowledge, target-oriented lean and green optimization can be applied. 
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1. Challenges of multi-variant production  
In today’s globalized business environment almost every 
industry sector faces challenges associated with complexity. 
The complexity can be found in processes and products as 
well as in the business organizations themselves and causes 
multiple problems at the operational and strategic levels. 
Especially manufacturing companies are confronted with 
these problems and perceive the corresponding complexity 
e.g. through the frequent adaption of the manufacturing 
system in order to meet the current and future market 
demands. These market demands mainly result from 
megatrends such as the diversified customer demands, shorter 
product life cycles, shortage of resources and declined 
manufacturing depths. [1] 
In particular the diversified customer demands and the 
shortening of product life cycles lead to an enormous increase 
in product variety and enhance the need for managing the 
induced complexity of multi-variant manufacturing systems. 
This perception becomes even more important since the 
proliferation of product variety is a trend in numerous 
industries and can be considered as one possible strategy to 
enable companies to maintain and increase market shares 
through satisfying the variety seeking behavior of customers. 
The development of product variety and the subsequently 
change of manufacturing systems towards a more multi-
variant production is illustrated in Figure 1. [2] 
 
 
Fig. 1. Development of the proliferation of product variety and manufacturing 
systems towards a multi-variant production [3]. 
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The steadily increasing product variety externally induces 
complexity and is one of the main reasons for the lack of 
transparency regarding the ecological and economic 
assessment of manufacturing systems with multi-variant 
production. In order to identify ecological and economic 
inefficiencies caused by variety-induced complexity and to 
optimize such systems it is therefore fundamentally important 
to establish transparency within the processes. [4] 
The existence of transparency is the basis for the 
identification of efficiency potentials which subsequently 
provide an insight into energy consumption and costs caused 
by an enhanced multi-variant production. The exact 
calculation of such complexity costs still remains a highly 
difficult task since the available approaches have yet to be 
entirely successfully implemented in industry practice. [5] 
However, multiple studies prove the influence of complexity 
on costs and estimate e.g. that 30 to 40 % of the complexity-
caused costs in a manufacturing company can be directly 
linked to the manufacturing process itself [6] and that the 
costs for product and process complexity in manufacturing 
companies can make up to 25 % of the total costs. [7]  
The existing approaches for the estimation of the 
complexity related costs used in these studies are usually 
based on general complexity indicators and confirm the 
general perception of a direct connection between variety-
induced complexity, loss of efficiency and increase of 
manufacturing costs. The increase in complexity related costs 
leads to a decrease of competitiveness and results in a 
proliferation of product variety in order to increase market 
shares. This cycle is known as the ‘complexity trap’ and 
represents a major challenge for manufacturing companies 
nowadays (Figure 2). 
 
 
Fig. 2. ‘Complexity trap’ of multi-variant production in today’s 
manufacturing systems [8]. 
To overcome this cycle it is necessary to develop 
conceptual approaches which focus on the establishment of 
transparency in order to identify and consequently minimize 
the loss of ecological and economic efficiency. This becomes 
even more important since the existing approaches do not 
provide a specific guideline to evaluate the economic and 
ecological impact of product variety induced complexity on a 
manufacturing system process level. [2] 
2. Conceptual basis of the simulation-based framework 
The simulation-based framework presented in this paper 
describes the entire manufacturing system as a sequence of 
state-based modules with particular inputs and outputs. This 
approach enables the modeling on an operational level and 
allows the continuously consideration of product variety and 
its economic and ecological effects throughout each process 
step of the manufacturing system. This form of segmentation 
of the different process steps of a manufacturing system with 
multi-variant production was chosen to improve the overall 
transparency and to simulate different aspects of the 
considered manufacturing system. 
The main components of the simulations-based framework 
are shown in Figure 3. 
 
 
Fig. 3. Main components of the presented simulation-based framework. 
The focus of the final evaluation is the identification and 
assessment of influencing variables regarding the 
improvement of ecological and economic efficiency. This is 
achieved through the described modeling technique of the 
manufacturing systems within the simulation-based 
framework as well as through the combination of multiple set 
of scenarios with a systematic design of experiments 
concerning the influencing lean and green optimization 
variables. 
3. System understanding and cause-based allocation  
3.1. Description of the manufacturing system 
In regard with the aims of this paper, the improvement of 
transparency about ecological and economic inefficiencies in 
multi variant production, the manufacturing system as a whole 
has to be fragmented into functional elements. These elements 
(e.g. manufacturing or transportation processes) can be 
generalized as process modules [9], which are separated in 
production process modules and logistics process modules 
(Figure 4). Each process module is characterized by several 
input (e.g. raw material, parts and energy) and output variables 
(e.g. products and waste) and aims to transform an input into a 
specific output. Each process module can furthermore be 
subdivided into two factors of production (‘human’ and 
‘equipment’) [10] [11] that perform the transformation 
process. The factor of production ‘human’ includes e.g. 
logistics employees or machine operators whereas means of 
conveyance and production machinery are part of 
‘equipment’. In a manufacturing system multiple production 
and logistics process modules are coupled to a process chain, 
or, in case of a more complex system, to parallel process 
chains or network structures with multiple input and output 
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connections. [9] This structure represents the actual 
production sequence of the manufacturing system. 
 
 
Fig. 4. Process modules of a manufacturing system. 
In the course of the transformation process a process 
module is characterized by different operating states. A 
production process module can assume the operating states 
Ramp-up, Setup, Processing, Waiting, Shutdown, a logistics 
process module the operating states Buffering and 
Transportation. In the context of batch production of variants a 
distinction has to be drawn between activity quantity induced 
(aqi) and activity quantity neutral (aqn) states. The batch size 
determines the duration in which a process module is in an 
activity quantity induced state (e.g. Processing) whereas in the 
other case the duration is independent of the batch size. 
Table 1 provides an overview of the operating states and the 
classification. 
Table 1. Operating states of process modules and classification. 
Process module type Operating state Classification 
Production Ramp-up aqn 
Production Setup aqn 
Production Processing aqi 
Production Waiting aqn 
Production Shutdown aqn 
Logistics Buffering -- 
Logistics Transportation aqn 
3.2. State based energy consumption of process modules 
The energy consumption of a process module depends on 
the duration and frequency a process module is in the different 
operating states, and each operating state is characterized by a 
specific energy consumption. [12] [13] Operating states can be 
generally separated into value adding states (Processing) and 
non-value adding states (all other operating states). [9] The 
operating states of a logistics process module are considered 
non-value adding, too, as they are classified as ‘muda’ in lean 
philosophy (they do not add value to a product) and merely 
have a supportive character for the transformation process.  
In the context of inefficiencies in manufacturing systems, 
other non-value adding operations, e.g. production of process 
scrap and setup scrap, have to be considered as well. For the 
differentiation whether an operation is value adding or non-
value adding, two aspects have to be taken into account: The 
operating state and the output of a process module. By this 
means, inefficiencies caused by process scrap, reworking, 
failures etc. can be included in the analyses. Only the 
production of good parts or products that leave the 
manufacturing systems and can be sold to a customer is 
considered value adding. [9] Consequentially, processing 
operations of a production process module, which result in 
scrap, are classified non-value adding as well. The same 
applies to reworking and to setup scrap, which increases with 
more frequent setup operations caused by higher product 
variety and smaller batch sizes. 
Figure 5 illustrates the described approach of considering 
operating states and the output of a process module on the 
example of a production process module. As the energy 
consumption of a production process module is mainly 
determined by the production machinery (respectively by the 
means of conveyance in case of a logistics process module) 
the ecological evaluation focuses on the factor of production 
‘equipment’. 
 
 
Fig. 5. Two perspectives: Operating states and Output of process modules. 
3.3. State based costs of process modules 
Similarly, costs in a manufacturing system can be allocated 
according to their actual cause for each process module and 
operating state. Therefore, the same state based logic as 
described above for energy consumption is applied here as 
well. A specific hourly rate is assigned to each operating state, 
whereas a distinction is made between the hourly rate for 
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employees (factor of production ‘human’) and the machine 
hour rate (‘equipment’).  
The specific hourly rates can vary for different operating 
states, e.g. if setup operations are performed by specialized 
employees with a higher hourly rate compared to the machine 
operator or if machine failures (operating state Waiting) have 
to be rectified by highly qualified (and therefore more 
expensive) maintenance staff. The same applies to the 
machine hour rates. During the operating state processing the 
machine hour rates can be higher e.g. due to additional tool 
costs. Through the knowledge of the state-based hourly rates 
for ‘human’ and ‘equipment’ the costs that are caused for the 
production of a specific production program in a process 
module can be calculated by multiplication of the durations a 
process module is in the operating states and the specific 
hourly rates. 
The same logic applies for the Transportation state of a 
logistics process module whereas the costs for Buffering are 
calculated by the present value of a product at this specific 
process module (material costs plus added value) and a rate 
for capital being tied up. 
As already mentioned before, the output of a process 
module has to be considered as well in order to take other 
inefficiencies like scrap or reworking into account. As a result 
of this, material costs of process scrap and setup scrap 
(including the processing costs of upstream process modules) 
are classified non-value adding. The only value adding costs 
are those that are caused for the processing of a good part, 
which can be sold to an internal or external customer. The 
costs of the material for good parts are treated as a transit 
item. 
3.4. Improved transparency in multi-variant production by 
state-based assessment 
By using the above described state-based logic, the 
cumulated energy consumption and the cumulated costs for 
the production of a specific production program within a 
manufacturing system can be simultaneously calculated. 
Therefore the material (raw material, parts, products), which 
passes through the process modules of the manufacturing 
system (according to the production sequence and production 
program) serves as a transit item. Every time a transit item 
passes through a process module the energy consumption 
respectively the costs that were caused are allocated to this 
item.  
Moreover, in addition to an evaluation of the overall energy 
consumption and costs of the manufacturing system, a detailed 
assessment of single process modules as well as of single 
product variants is possible (Figure 6). Thus it is possible to 
evaluate a particular production program in the following 
three possible dimensions at the same time:  
x Manufacturing system 
x Process module 
x Product variant 
 
Fig. 6. Evaluation dimensions. 
Furthermore, the cumulative amount of energy 
consumption and costs can be separated into value adding and 
non value adding shares, which eases a target-oriented 
analysis for inefficiencies caused by variety. 
In order to being able to quantitatively assess the effects of 
variety and variety-related influencing variables, the 
evaluation logic is applied to different scenarios, which differ 
from the production program (e.g. number of product variants, 
lot sizing, sequencing). Besides other influencing variables 
(e.g. setup times, lead times, scrap rates, machine availability), 
which might be potential starting points for green and/or lean 
optimization, are varied.  
By using the design of experiment (DOE) methodology, the 
effects of variety (e.g. customer-driven increase in product 
variants) and of the influencing variables (e.g. optimization of 
setup times of a specific process module) can be calculated 
and influencing variables can be prioritized. Furthermore the 
system behavior concerning the variety and the variety-
induced influencing variables of the manufacturing system can 
be described by transfer functions by this means. 
4. Implementation in a simulation environment 
In order to being able to handle the calculation efforts for 
various scenarios respectively configurations of the 
production program and the manufacturing system, the 
described framework was modeled and prototypically 
implemented in the discrete event simulation software 
Tecnomatix Plant Simulation (Figure 7). The use of 
simulation software offers several benefits and analysis 
options: 
x Existing operating states of the simulation environment can 
be adapted for the evaluation of energy consumption and 
costs. 
x The discrete event approach enables the consideration and 
detailed evaluation of different general aspects for the 
entire manufacturing system but it is also possible to trace 
every single object or a specific group of objects (e.g. 
product variant or a production batch). 
x Influencing factors (e.g. setup times, scrap rates, machine 
failures) can easily and automatically be alternated by the 
use of the experiment manager module. 
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The modelled process modules (logistic process module 
and production process module) as well as the implemented 
evaluation logic for energy consumption and costs can easily 
be transferred to other manufacturing systems due to a 
modular structure. For the modelling of another 
manufacturing system the process modules merely have to be 
coupled according to the actual production sequence of this 
system. Specific process data and information about the 
production program, of course, has to be gathered respectively 
implemented into the simulation environment for each 
manufacturing system to be analyzed, which can be a quite 
time-consuming activity [14] depending on the data 
availability. 
In order to minimize the number of simulation runs, the 
experiments should be performed in two steps: Firstly a 
screening is conducted with a wide variety of influencing 
factors that are examined, e.g. by the use of fractional 
factorial screening designs. After a reduction of the 
influencing factors, secondly, the remaining influencing 
factors and their contribution to energy consumption and costs 
are examined in more detail. Therefore experimental designs 
for nonlinear correlations (e.g. response surface designs) are 
applied, in order to get transparency about the influencing 
factors and their interdependencies. The experimental designs 
can be generated in DOE or statistic software suites like 
Minitab. Afterwards the designs can be directly imported to 
the experiment manager module of the simulation 
environment. 
 
5. Conclusion and Outlook 
5.1. Conclusion 
This paper presented a simulation-based framework which 
increases the ecological and economic transparency in 
manufacturing systems for multi-variant production. The 
framework focuses on the quantification of energy 
consumption and costs in a manufacturing system. In order to 
identify inefficiencies, energy consumption and costs are 
allocated according to their actual cause.  
The framework was prototypically implemented in the 
discrete event simulation software Tecnomatix Plant 
Simulation, which is common in science and industry. By the 
use of the design of experiments methodology, the 
implementation allows the detailed examination of different 
scenarios through the systematic alternation of influencing 
variables. Furthermore it is possible to trace single objects 
(e.g. products) and measure their specific ecological and 
economic contribution to single process modules as well as to 
the entire manufacturing system. The achieved transparency 
about inefficiencies in a manufacturing system as well as the 
knowledge about the effects of the alternation of influencing 
factors (e.g. setup times or scrap rates of a specific process 
module) provides a starting point for target-oriented lean and 
green optimization. 
5.2. Outlook 
As part of further research the presented simulation-based 
framework should be applied to different manufacturing 
systems of different branches and sizes in order to get a broad 
Fig. 7: Prototypical implementation in the simulation environment  Tecnomatix Plant Simulation (screenshot).  
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insight about the ecological and economic effects of variety 
and possible influencing factors for target-oriented lean and 
green optimization.  
Furthermore, the efforts for data collection (e.g. energy 
consumption of specific operating states) could be drastically 
reduced by using production machinery with integrated 
sensors for measuring the energy consumption and by 
creating an interface between ERP-/MDC-Systems and the 
simulation environment. 
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